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We consider a generic abelian hidden sector that couples to the Standard Model only through 
gauge-invariant renormalizable operators. This allows the exotic Higgs boson to mix with the 
Standard Model Higgs boson, and the exotic abelian gauge boson to mix with the Standard Model 
hypercharge gauge boson. One immediate consequence of spontaneous breaking of the hidden sector 
gauge group is the possible decay of the lightest Higgs boson into four fermions through intermediate 
exotic gauge bosons. We study the implications of this decay for Higgs boson phenomenology at 
the Fermilab Tevatron Collider and the CERN Large Hadron Collider. Our emphasis is on the four 
lepton final state. 

PACS numbers: 



Introduction. The fundamental theory may be signifi- 
cantly richer than the Standard Model (SM) world that 
we have directly probed. Copies of many other gauge 
theories may be inaccessible to us because the particles 
that form our bodies are not charged under them. Is 
there a method to explore such hidden worlds given the 
limited collection of charges that we can directly probe? 
The answer is not assured, but an opportunity can be 
identified [U, i, i i, [1] . 

The SM has two gauge invariant, fiavor-neutral opera- 
tors that are relevant (dimension < 4): the hypercharge 
field-strength tensor B^^ and the SM Higgs mass opera- 
tor |$sMp- Hidden sector (i.e., non-SM states with no 
SM charge) abelian gauge bosons X and Higgs bosons 
can couple to these operators in a gauge invariant, 
renormalizable manner [27]: 

and I^hH^smI'. (1) 

These couplings give us the opportunity we are looking 
for to see the effects of a hidden sector by virtue of their 
interactions with states we can observe. 

In this letter we investigate the implications for Higgs 
boson phenomenology of the simultaneous existence of 
the two operators in Eq. ([T]). We do not tie ourselves 
to any particular model of the hidden abelian sector. 
We note that if the kinetic mixing between the gauge 
bosons is large, precision electroweak and dedicated col- 
lider searches may see the effects d, H, 0, H, [H ■ For our 
purposes, we only need the kinetic mixing to be non-zero 
and large enough to allow prompt decays of the exotic 
gauge boson eigenstate. We also note that the pure mix- 
ing effects of and $sm can be probed well by col- 
liders P, H, [O, [13 even if no exotic decay modes 
are kinematically accessible. However, it would be more 
difficult in that circumstance to know what the origin is 
of the shift in Higgs boson phenomenology at colliders. 
For related discussion on the phenomenology of a hidden 
sector see Ref. [Tsf. 

Instead, what we focus on here is the prospect of the 
exotic gauge boson being sufficiently light such that the 
lightest Higgs boson decays into a pair of them [l^ . The 



decay of the Higgs boson into two X bosons is through 
Higgs boson mixing. The X boson will then decay into 
SM fermions if there is even a tiny amount of kinetic 
mixing, which we assume to be the case. The X bosons 
could have competing branching fraction into other ex- 
otic states potentially leading to invisible decays or even 
more background-free topologies than considered here. 
We neglect these possibilities in order to keep our anal- 
ysis simple and our assumptions to a minimum. We are 
particularly interested in leptonic final states. Thus, the 
subject of this paper is to provide the details of how 
pp ^ h ^ XX lll'V is possible within this theoret- 
ical framework, and to explore the detectability of this 
channel at the Fermilab Tevatron and CERN LHC. 

Theory framework. We consider an extra U{l)x factor 
in addition to the SM gauge group. The only coupling of 
this new gauge sector to the SM is through kinetic mix- 
ing with the hypercharge gauge boson B^. The kinetic 
energy terms of the U{l)x gauge group are 

£f ^ = '\x^,.X^'' + , (2) 

where we take the parameter x <C 1 to be consistent with 
precision electroweak constraints. Hats on fields imply 
that gauge fields do not have canonically normalized ki- 
netic terms. 

As an example, we note that heavy states that 
are charged under both U{1)y and U{l)x can typi- 
cally induce a x at the loop level [l5l | given by x ~ 
g'gx/(167r2) ~ 10"^. Tree-level mixing, although pos- 
sible, will be absent if the U{l)x is the remnant of a 
spontaneously broken non-abelian gauge symmetry. If 
the scale of U{\)x breaking is not too far above the 
electroweak scale, a radiatively generated x will be quite 
small. We take the U{l)x breaking VEV 1 TeV. 

We introduce a new Higgs boson in addition to the 
usual SM Higgs boson $sm- Under SU{2)l U{1)y 
U{l)x we take the representations $sa/ : (2, 1/2,0) and 
■ (l,0,(7x), with qx arbitrary. The Higgs sector La- 
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grangian is 



SM I 



-p\^H\^-n\^SM\^\^H\^. 
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(3) 



so that U{l)x is broken spontaneously by (^h) = 

and electroweak symmetry is broken spontaneously as 

usual by ($sm) = (0,z;/V^). 

One can diagonalize the kinetic terms by redefining 



X^,B^-^X^,B^ with 



B„ 





-X 1 



The covariant derivative is then 

= d^, + i{gxQx + g'r]QY)Xf, + ig'QyB^, 



igT^Wl . 
(4) 

where 77 = x/^v/l — ■ 

After a GL{2, R) rotation to diagonalize the kinetic 
terms followed by an 0(3) rotation to diagonalize the 
3x3 neutral gauge boson mass matrix, we can write the 
mass eigenstates as (with = sinfl^;, Cx = cos9x) 




S]Y CwCa ~CwSa 

Sry Cn/ 




(5) 



where the usual weak mixing angle and the new gauge 
boson mixing angle are 



sw 
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tan(26'a) = 



1 - s\^ri^ - A, 



, (6) 



with Az = Mi/M|^, Ml = egWx. = (g2 + 

g''^)v'^ Mzg and Mx are masses before mixing. The 
photon is massless (i.e., Ma = 0), and the two heavier 
gauge boson mass eigenvalues are 



M 



M} 



Z.Z' — 



±V(l-sf^f?2- Az) +4s^r;2 



,(7) 



valid for A^ < (1 — s^yrf') {Z ^ Z' otherwise). Since 
we assume that ry ^ 1, mass eigenvalues are taken as 
Mz ~ Mzo = 91.19 GeV and Mz' ~ Mx- 

The two real physical Higgs bosons <psM and (fiH mix 
after symmetry breaking, and the mass eigenstates /i, H 
are 



0ff 



Ch Sh 



The mixing angle and mass eigenvalues are 



tan (26',J 



— Xv^ 



(8) 



Although the mixing angle depends on the many un- 
known parameters of Eq.Q, we will treat the resulting 
Oh as an input along with the Higgs boson masses. 

Now we are able to present the couplings of the Z' to 
various SM states. 

Fermion couplings: Couplings to SM fermions are 



^IpZ : — [Ca{l - SwtaT])] 
Cw 

^xpZ': [ca{ta + rjsw)] 
cw 



Tl 



(1 " taV/sw) 
(1 - SwtaV) ' 
{tg+v/sw) 2 , 

[to, + r]sw) 



(10) 



where we have used Q = r| + Qy and tg = Sa/ca- The 
photon coupling is as in the SM and is not shifted. 

Triple gauge boson couplings: Denoting the coupling 
relative to the corresponding SM coupling as TZ, we find 

T^Aw+w- = Ij T^zw+w- = and Ti-z'w+w- — 
(the last is compared to the SM ZW~^W~ coupling). In 
our case, to leading order we have Cq « 1, ^ 1. 
Higgs couplings: The Higgs couplings are 



hff 



-tch 



Ml 

hZZ : 2ich^^i~ 



hZ'Z' : 2ich^ 



(Sq 



]\,p 

hZ'Z : 2ich—^\ 



hWW : 2ich—^ 

V 

]\/p 



VSWSa)iSa + VSWCa) 



(11) 



Parameters and Precision Electroweak Constraints. 
Electroweak precision observables such as Mw, ^z and 
■^LR constrain the theory. These constraints have been 
discussed in greater detail in Refs. [1, 0, 1, JUl. For 
our theory, given the experimental accuracy 16] of pre- 
cision electroweak observables including those mentioned 
above, we find the constraint 



77 



V|l-M|,/M|l 



< 10" 



(12) 



This is expected given that the fractional accuracy of EW 
precision measurements are at the 10~^ level, and in our 
model the deviations appear at 0{ri^). 

Fits to electroweak precision observables [l3l con- 
strain the SM Higgs mass to be log (A^Higgs/l GeV) = 
1.93^q']^7. This can be turned into a constraint on our 
model by noting that all couplings to SM fields involving 
h have an additional factor of Ch while those for H have 
Sh, which results in 



cl log 



Mh A , 2, 



M. 



1 GeVy 



1.93l°|? 



(13) 



Equivalently, one can state the constraints in terms of the 
S and T parameters, following the discussion in Ref. ^1^. 
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FIG. 1: Branching ratio of ft — + Z' Z' as a function of for 
various Mz' and Mh, with r] = 10~*. Benchmark points are 
shown in Table |l] 



Since we do not specify the value of the heavier Higgs 
mass, we have the freedom to choose it such that there is 
minimal difficulty with precision electroweak constraints. 
Even if we choose a much heavier Higgs boson for our 
second eigenstate, there are well-known ways the theory 
can be augmented to be compatible with the data [Tsj . 

Decay Branching Fractions. We now turn to the ac- 
tual decay branching fractions of the Higgs boson and Z' 
mass eigenstate. We are particularly interested in the fre- 
quency of /i — > Z' Z' and the leptonic branching fractions 
of Z'. 

h Z'Z' decay : In Fig. [l] we show the h -> Z' Z' 
branching ratio as a function of s\ , computed using HDE- 
CAY 19]. A 120 GeV (250 GeV) Higgs boson has total 
width of - lOMeV (- 2.1 GeV) when Mz' = 5 GeV and 

= 0.5. We do not include any heavy exotic states that 
the couples to, which would require either considering 
the additional invisible decay modes, studied well else- 
where, or much more spectacular and model-dependent 
decay chains to SM particles. 

Z' decay: The Z' coupling to the SM sector is propor- 
tional to the tiny rj, making the width rather small, but 
these are the only modes kinematically allowed for the 
Z' to decay into. The Z' total width for 77 — 10"'' is 
5.8 X 10-1°, 2.7 X 10-^ 8.2 x IQ-^ and 2.0 x IQ-'^GcV 
for Mz' = 5, 20, 50 and 100 GeV respectively. This de- 
cay width is too small to be resolved by LHC experi- 
ment, but large enough to yield prompt decays. The 
total width for any other ry can be obtained by scaling 
the above width by 77^. Displaced vertices begin to be 
allowed when 77 < 10"^, which would be another inter- 
esting sign of exotic physics in the Higgs boson decays. 
In Fig. [2] we show the Z' branching ratio into two body 
final states as a function of Mz' ■ 

Four Lepton Modes at the Tevatron and LHC. We fo- 
cus on the mode h ^ Z' Z' ^ 4£ in our analysis with 
£ = e,fi. In presenting results in this section, we will 
choose ry = 10~^, ^ = 1 TeV, and unless mentioned oth- 
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FIG. 2; Branching ratio of Z' into two body final states as a 
function of Mz' with — 0.5 and 77 = 10""*. 



Point 


A 


B 


C 


D 


E 


F 


(Mh, Mz') (GeV) 


120, 5 


120, 50 


150, 5 


150, 50 


250, 5 


250, 50 



TABLE I: Six benchmark points that we study. 



erwise, take — 0.5. For illustration, we choose six 
benchmark points as shown in Table [T] for which we com- 
pute the differential distributions, make cuts and find the 
significance at the Tevatron and LHC. We make use of the 
narrow width approximation and analyze in succession: 
pp-^ h followed hy h-^ Z'Z' followed by Z' 

The gluon fusion process gg h is the largest pro- 
duction channel at the Tevatron {^/s — 1.96 TeV) and 
the LHC {y/s = 14 TeV). For instance, at the Tevatron, 
NLO a{gg ^ h) ^ 0.85 pb for Mh = 120 GeV while the 
sum of the other channels gives 0.33 pb; the correspond- 
ing cross-sections at the LHC are 40.25 pb and 7.7 pb 
respectively ^20, '2?! . We include only gluon fusion com- 
puted at NLO using HIGLU |2Q]. 

The main sources of background are the SM processes 
pp ^ h ^ ZZ ^ M, and pp ^ VV ^ M where VV 
denotes ZZ, 77 and 7Z channels. The pp — *■ tt pro- 
duction cross-section is large and 4-lepton events from 
this process can be a source of (reducible) background 
at the LHC, but we take it that this can be adequately 
suppressed (for details see Ref. [23|). 

We use MadGraph [2^ to obtain all matrix elements, 
and generate event samples using MadEvent [23| with 
CTEQ6L1 PDF [H]. The cross-sections for the process 
pp ^ h ^ Z'Z' M at the LHC without any cuts 
are shown in Fig. [31 and the corresponding ones at the 
Tevatron while similar in shape, are smaller by about 50, 
and will be discussed later in this section. We present the 
eefj,fi channels here, but this can be extended to include 
4e and 4/i channels. The cross-section approaches zero 
as ^ 1 because h will not couple to the X boson, and 
also as ^ because h does not couple to the gluon in 
this limit. In these limits our analysis can be applied to 
probe the second Higgs mass eigenstate H. 

To help in distinguishing signal from background, we 
make various kinematical cuts. We pair two opposite sign 
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FIG. 3: Total cross section of the process pp h ^ Z' Z' 
4/ at LHC as a function of sin'^ Oh- From top to bottom, lines 
correspond to points A,C,B,D,E,F. No cuts have been applied. 



leptons with ARg+g- < 2.5 to ensure that they come from 
the same Z' , and for this pair, form the dilcpton invariant 
mass Mi+g- . We also form the 4-lepton invariant mass 
M£+£-£+£- . In Fig. [31 we show 4-lepton invariant mass 
plots for point A at LHC and point F at Tevatron, for 
reference. 

Based on the differential distributions, we impose the 
following cuts in order to maximize signal over back- 
ground: 

Basic cuts : pn > 20, 10, 10, 10 GeV ; \r]i\ < 2.5 , 
AR cut : 0.05 < AR^+i- < 2.5 , 
My cuts : Mee = M^^ ± 10 GeV , 
M,,M cut : Mee^^ = Mh ± 10 GeV . (14) 

The four-lepton cut around ^^Mh" is achieved by hypoth- 
esizing a Higgs boson resonance and scanning across that 
hypothesis. Such a scan is realizable in our case since the 
signal stands clearly above the continuum background. 
The signal and background cross-sections are shown in 
Table [ni We find that the 4-lepton invariant mass cut is 
most effective in reducing the background. The S/B is 
good for all the benchmark points, but can be improved 
further by the additional cut: M;+;- ^ Mz ± 10 GeV, 
which removes on-shell Z-bosons surviving in the data 
sample. 

Conclusions. In our chosen example cases with large 
mixing among the SM and hidden sector Higgs bosons 
and light-enough Mz' for h — > Z' Z' to be on-shell, the 
prospects for seeing the signal at the LHC are excellent. 
The signals for the various examples are well above back- 
ground after all cuts have been applied. The Tevatron is 
also beginning to achieve the sensitivity required to see 
the signal; however, there the key challenge is not signal 
to background, but overall signal rate and luminosity to 
collect enough events to reconstruct a resonance. Once 
sufficient luminosity is achieved, and after more tailored 
techniques are applied to the problem, such as those to 
search for SM ZZ events 26] , the Tevatron should be in 
a position to probe well a light Higgs boson decaying in 
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FIG. 4: Afg+g-^+^- (in GeV) versus number of events (ar- 
bitrary luminosity) for benchmark point D at the Tevatron 
(top), and point F at the LHC (bottom). No cuts are applied 
yet. Black solid line represents h XX 4/ signal, red 
crossed ZZ{'y) 41, and blue circled h — > ZZ —> 41. 



Tevatron 


A 


B 


C 


D 


E 


F 




Z'Z' 


8.8,4.3 


3.9,0.8 


4.2,2.4 


2.3,0.8 


0.05,0.02 


0.03,0.01 


hZZ (ab) 


0.8,0 


1.4,0 


7.4,0 


12.8,0 


17,1.6 


21.4, 1.8 


VV 


9.7,4.3 X IQ-^ 


9.7,3.5 X 10"^ 


9.7,0.01 


LHC 


A 


B 


C 


D 


E 


F 


Z'Z' 


631,245 


236, 44 


348, 173 


212,57 


12,5.6 


6.5,2.2 


hZZ (ab) 


0,0 


130, 1.2 


630,2.3 


1280,2.5 


3440, 850 


4840, 846 


VV 


67,0.02 


67,0.03 


67,0.3 



TABLE II: Signal and background cross-sections in fb (only 
hZZ in ab) for the Tevatron and LHC in the form: (basic 
cuts, all cuts). "Basic cuts" refers only to the pt^ and i]i cuts 
in the first line of Eq. [141 W denotes the contributions from 
ZZ, 77 and 7Z. i('-factors have not been included. 



the manner proposed here. 
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